Introduction 59
In light of our ageing population and rapid expansion of the oldest-old group (age >85) (Christensen 60 et al., 2009) , it is important that the urban environment is easily accessible. As part of 'inclusive 61 design' policies, tactile 'blister' paving was designed to provide guidance for visually impaired and 62 blind people at sites such as pedestrian crossings. However, a report by the UK Health & Safety 63
Laboratory (HSL2005/07) questioned whether tactile blister paving may lead to trips in older adults 64 due to the height of the blisters. Tactile paving may be considered manmade uneven ground and we 65 know that walking on uneven ground is associated with falls (Berg et al., 1997) . Only one study has 66 investigated gait on tactile paving (Kobayashi et al., 2005) : increased toe height during swing andincreased hip flexion moment were the major gait changes attributed to tactile paving. While useful, 68 the conclusions were limited by the healthy young test population. 69
70
To date, no study has investigated the gait of older adults on tactile paving nor the effect of tactile 71 paving on measures of gait that are associated with stability and falls-risk in older adults. Our 72 objective was to develop a laboratory platform closely resembling a pedestrian crossing, and to 73 investigate suitable gait parameters in older adults on smooth and tactile paving. 74
75
A number of studies have identified relationships between biomechanical variables, measured 76 during walking on smooth or irregular surfaces, and fear of falling, gait stability, and falls risk. For 77 example, reduced gait speed has been associated with fear of falling in older adults, while walking 78 with a wider stride appeared to be linked to falling and fear of falling (Maki, 1997) . Similarly, 79
investigations of surface effects in healthy young and older adults showed that for walking on 80 uneven, as compared to even, ground, step width and toe-clearance increased and speed decreased 81 (Menant et al., 2008; Menant et al., 2009 ). These gait adaptations in response to uneven ground 82 were interpreted as a more cautious gait allowing for stabilization of the torso and visual field and 83 avoidance of tripping hazards. Hence we tested the primary hypothesis that older adults exhibit a 84 more conservative gait on tactile blister paving compared to smooth paving, i.e. when negotiating 85 the 5mm-high protruding blister domes they would decrease their speed, increase their step width, 86 and increase their toe-clearance in mid-swing. 87
88
Walking stability requires continuous control of the whole-body centre of mass in response to the 89 changing boundaries of the base of support. This can be achieved via adjustments of foot placement 90 and also via changes in timing of foot placement. With regard to the former, a study of young adults 91 found that step width became more variable when walking with eyes closed, suggesting that 92 variations in step width are indicative of control of frontal plane balance (Bauby and Kuo, 2000) . 93
With regard to the latter, increased variability of step/stride time has been associated with increased 94 falls-risk (Hausdorff et al., 2001) and is elevated in balance impaired adults, in particular on uneven 95 ground (Richardson et al., 2004; DeMott et al., 2007) . These studies highlight that subjects respond 96 with increased temporal and spatial adjustments in foot placement when balance is challenged. 97
Tactile blister paving with its protruding blister domes may similarly pose a challenge to balance 98 control, hence we tested the secondary hypothesis that tactile pavement, compared to smooth 99 pavement, would increase spatial (step width) and temporal (step time) gait variability. 100 101 Finally, we investigated step length, step length variability, and the timing of minimum toe 102 clearance during the swing phase, and we explored whether tactile paving would decrease an older 103 person's ability to successfully stop within the boundary of the curb. 104 105
Methods 106

Test platform 107
The platform was built according to the UK's Department for Transport (DoT) guidelines for an 108 in-line controlled crossing (Figure 1 ). This allowed for an investigation of the effects of tactile 109 paving on gait when the paving is sited and laid as prescribed in the guidelines. Consequently, 110 the platform consisted of two flat sections, followed by a ramp and dropped curb that leads onto 111 a simulated street. Sections of the platform could be moved to enable either a smooth or tactile 112 paving scenario. Each section had a stiff underlying plywood skeleton that supported the weight 113 of the paving slabs. In further correspondence with the UK DoT guidelines, the blisters on the 114 tactile paving slabs were 25mm in diameter and 0.5mm in height, and were distributed 115 uniformly with a distance of 66.8mm from one blister's midpoint to the next. A pedestrian 116 traffic light was controlled by two pairs of infrared light beams that, if inadvertently broken by 117 the feet of the walking participant, switched the light to red. The first infrared beam was at the 118 start of the ramp section and the other 40cm down the ramp. The two different positions allowed 119 for an 'early' or 'late' instruction for the participant to stop before stepping onto the 'street' (i.e. 120 with a remaining distance to the curb of 1.2m and 0.8m, for early and late trigger, respectively Participants were screened for peripheral nerve dysfunction using the Michigan Diabetes 134
Neuropathy Score (Feldman et al., 1994) and for central nerve dysfunction using tests of 135 rapid alternating movements such as finger and toe tapping and heel-to-shin and finger-to-136 nose manoeuvres. Participants were also asked to perform the alternate step test, sit-to-stand 137 test, and 6m-walk and their self-reported fall history was recorded (Tiedemann et al., 2008) . 138 
Gait parameter analysis -continuous walking trials 172
During continuous walking trials data were collected over the paving area only (flat and ramp 173 section). Data were therefore analysed at comfortable walking speed, excluding periods of 174 acceleration and deceleration over the 2m approach and 4m street section. 175
Comfortable speed 176
The first derivative of the waist marker's position data, recorded along the direction of 177 forward progression, was used to obtain gait speed, defined as the average walking velocity 178 while the participant had both feet fully on the pavement area of the platform. For the 32 participants a total of 320 observations were made (32 participants x 5 trials x 2 264 paving types). These data were analysed with a mixed-effects logistic regression to model 265 the probability of a successful stop as a function of paving type. Each person provided 5 266 observations for each paving type. However, because each individual has an 'intrinsic 267 frailty', causing them to fail to stop more or less often than others, these repeated 268 observations must not be considered independent measurements. Hence the individual 269 person was modelled as a random effect in the mixed-effects logistic regression. 270 271 Moreover, walking speed prior to the light trigger and the time elapsed since the last heel 272 strike up to the moment the light turned red can be considered initial conditions in this part 273 of the experiment. Hence, each individual's mean prior walking speed and mean time 274 elapsed were obtained, for each type of paving; and for both variables the ratio of tactile 275 paving to smooth paving was derived, reflecting the change from smooth to tactile paving 276 for each individual. As described before, the data were "centred" and the effect of paving 277 type on successful stopping was determined once more, this time with the adjusted ratios 278 serving as covariates in the mixed-effects logistic regression. 279 280
Results 281
Continuous walking 282
In 'Analysis 1' (flat & ramp data combined) an average of 14 steps on each type of paving were 283 obtained for every participant. STVar, SWVar and SLVar as well as TCT during the swing 284 phase did not pass checks for normality and were hence transformed using the natural log scale 285 prior to statistical analyses. On both paving types the group walked at a similar speed (∆speed = 286 -0.02m/s, p=0.20, Table 2) The TCT during the swing phase remained also comparable on 287 smooth and tactile paving as did ST, SW, SWVar, SLVar, and TCVar (p>0.1, Table 2 ). In 288 contrast, STVar and TC were increased on tactile as compared to smooth paving (by 20% and 289 7%, respectively, Table 2) while SL was decreased by 1.2% (Table 2) . Whilst speed was similar 290 on both paving types, the two speed-based covariates affected the statistical analyses as can be 291 seen in the changes in p-values in Table 2 . More specifically, a faster baseline speed was 292 associated with reduced STVar (p=0.01) and higher TC (p=0.03). Similarly, adapting a faster 293 speed on tactile as compared to smooth paving (as defined by the speed ratio) was likewise 294 associated with reduced STVar (p=0.04) and also with longer steps (p<0.001). 295
Between 11 and 32 participants provided the required minimum of 4 steps to be included in 296 'Analysis 2', and the exact number varied for assessment of different platform sections and for 297 different gait parameters. Analysis 2 showed that paving type had a significant effect on STVar 298 on the ramp (p=0.034, 12 participants), and on TC height on the flat section (p=0.006, 32 299 participants). Participants were more variable in the timing of foot placement on the ramp 300 section before reaching the curb, and they lifted their feet higher on the flat section, i.e. when 301 beginning to walk on tactile paving. Moreover, in response to tactile paving, SL was found to be 302 increased for steps taken entirely on the flat (p=0.007, 19 participants) or ramp (p=0.026, 13 303 participants) section, but not for steps transitioning from the flat paving onto the ramp (p=0.186, 304 12 participants). Interestingly, when analysing data obtained on the flat and ramp section 305 separately, we found that the TCT was after all affected by paving type: on tactile as compared 306 to smooth paving TCT occurred earlier in the swing phase on the flat platform section (p=0.032, 307 32 participants) but later in the swing phase on the ramp section (p=0.003, 32 participants). 308 309
Stop trials 310
For the "early" light trigger, only two unsuccessful stops (of 320 observed) were recorded, one 311 on each type of paving. Hence the data were not processed further. For the "late" light trigger 312 the mixed-effect logistic regression showed that paving type had a significant effect on 313 successful stopping (p=0.003): participants stopped less successfully on tactile paving with the 314 number of unsuccessful stops increasing from 7% on smooth paving to 15% on tactile paving. 315
The p-value did not change when entering the two covariates "speed ratio" and "trigger timing 316 ratio" into the mixed-effects logistic regression as neither showed an effect on successful 317 stopping (p=0.87 and p=0.59, respectively). However, it needs to be noted that the standard 318 deviation of the regression constant term was large (Estimate = 3.59, p=0.002), indicating that 319 some participants contributed more to this outcome than others due to differences in their 320 'intrinsic frailty' (Figure 5) . 321 322
Discussion 323
This is the first study to report on gait during a scenario that closely resembles street-crossing in the 324 presence of tactile paving. Low variability in timing of foot placement is characteristic of 325 automated, rhythmic walking and considered an indicator of safe gait in absence of perturbations. 326
One of the key outcomes of this study is that on tactile paving rhythmic gait becomes more variable, 327 indicating that balance is challenged (Hausdorff et al., 2001; Richardson et al., 2004; DeMott et al., 328 2007) . Moreover, a subset of 12 subjects that provided steps of type D, F and H demonstrated that 329 the increased variability in timing of foot placement on tactile paving is most evident on the ramp 330 section right before the curb, i.e. at a point where movement control is most crucial. 331
Simultaneously, we found that for the late trigger of the traffic light the ability to stop without 332 stepping onto the "street" was reduced on tactile paving. Furthermore, in accordance with previous 333 work ( Kobayashi et al., 2005) , we found that participants lifted their feet higher on tactile as 334 compared to smooth paving when walking on the flat platform section. Such strategy can be viewed 335 a successful functional adaption that reduces the risk of tripping. It is noteworthy that the 336 participants in this study indeed overcompensated as they increased their TC approximately 2mm 337 beyond the 2.5mm blister height, which may indicate that tactile paving is perceived to increase risk 338 of tripping. Finally, an interesting effect of tactile paving on gait was that minimum toe-clearance 339 occurred earlier in the swing phase for steps taken on the flat platform section but later in the swing 340 phase for steps taken on the ramp. This implies that mechanisms for increasing TC on tactile paving 341 are different for level and ramp walking, and this merits further study. 342 343 SW and SWVar were not affected by paving type, suggesting that participants remained stable in 344 the frontal plane and did not have to increase their base of support. Furthermore, participants did not 345 adopt a slower gait speed on tactile paving, an outcome that would have indicated fear of falling 346 (Maki, 1997) . However, this finding may be compromised by our use of a harness: participants 347 were aware they had protection in the event of a fall. Interestingly, a post-hoc analysis revealed that 348 SW adaptation differed between fallers and non-fallers: fallers decreased their SW on tactile paving 349 (p=0.014; CI: -1.6 to -0.2) while non-fallers did not show significant SW adaptation (p=0.177; CI: -350 0.3 to 1.3) and this group difference was associated with a p-value of 0.015. No other group 351 differences were found.
As others report (Beauchet et al., 2009) 
Moreover, a faster speed was associated with higher TC. It is noteworthy that the decrease in SL on 354 tactile paving was associated with a p-value of 0.005, ST and comfortable gait speed, however, had 355 p-values greater than 0.1 (though as expected step time showed a corresponding increase and speed 356 a decrease). These larger p-values can be explained by greater variability (i.e. standard errors) for 357 ST and speed. 358 359 It is important to note that we did not see a gross effect of tactile paving across all parameters 360 investigated, and none of our participants fell. However, this study represents the ideal world: the 361 paving was in perfect condition, laid according to the Department for Transport guidelines, was dry 362 and well lit. Our participants were healthy older adults without impairments that may have 363 compromised their mobility. The conservative nature of this experimental design allowed us to 364 establish a baseline with regard to the Department for Transport guidelines on tactile paving and its 365 effect on healthy older adult gait. That we found some effects of tactile paving on gait parameters in 366 this perfect scenario leads us to speculate that larger effects may be observed in the real world 367 where paving is often laid contrary to guidelines, is subject to wear and tear, and may be wet or icy. 368
Additional work in the real world is hence required and an observational study on how tactile 369 paving is actually sited is underway. Moreover, future work needs to investigate the effects of 370 tactile paving on more vulnerable parts of the population that have balance impairments, for 371 example, due to stroke, diabetes and/or neuropathy. Finally, the underlying mechanisms (Thies et 372 al. 2006 ) by which tactile paving affects gait during the stance phase merit further investigation. 373 374 Safe ambulation in the community is crucial to older adults' independence & quality of life, and 375 gait analysis can support good urban design. The research team is part of a larger consortium that 376 aims to identify aspects of design that may help or hinder older people in using the outdoors. Hence 377 only older adults were tested and conclusions are consequently limited to this population. Theresults of our analysis provide insights into the effects of tactile paving on gait in older people 379 crossing the street and the experimental setup developed for this baseline study could be further 380 utilized to assess alternative paving slab designs. Moreover, we believe that a similar approach 381
could also be applied to other urban design problems. Further analysis in the real world (with 382 inertial sensors) is pending to substantiate these findings. 383 384
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